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A METHOD FOR DETECTING STRUCTURAL DETERIORATION IN BRIDGES 


By H. A. Cole, Jr. and R. E. Reed, Jr. 

Nielsen Engineering & Research, Inc. 

SUMMARY 

The problem of detecting deterioration in bridge structures is studied 
with the use of Randomdec analysis. Randomdec signatures, derived from the 
ambient bridge vibrations in the acoustic range, were obtained for a girder 
bridge over a period of a year to show the insensitivity of the signatures 
to environmental changes. A laboratory study was also conducted to show 
the sensitivity of signatures to fatigue cracks on the order of a centimeter 
in length in steel beams. 


INTRODUCTION 

A problem receiving increasing attention among bridge engineers is 
the detection of failure producing flaws in bridges. Some types of flaws 
become quite large and visible before serious trouble occurs. However, 
other types can cause catastrophic failure or lead to costly repairs after 
reaching, over a period of years, a critical size which is small enough to 
have escaped detection. For example, the Tacoma Narrows bridge had an 
overall design "flaw" that was spectacularly apparent before actual failure 
occurred. On the other hand, the Point Pleasant bridge in West Virginia 
suddenly collapsed, killing 46 people, after an undetected crack had grown 
to its critical length of about one quarter of an inch. It is the detection 
of these small flaws during their slow growth stage that is of interest 
here. Except for isolated cases, the only method of detection currently 
being used is visual inspection. Obviously, many flaws that are hidden by 
paint, overlapping members, inaccessible locations, etc., escape detection. 
There are sophisticated methods for detecting flaws such as x-rays, ultra- 
sonics, etc., but no method has been developed to the point where it is 
economically and physically practical to use on large structures such as 
bridges. 

A possible solution to the bridge inspection problem, called "Randomdec" 
analysis, has been under study in a one-year program jointly sponsored by 
FHWA and NASA. In this program the ambient variations of the bridge 



structure due to random forces of traffic and wind are analyzed by a 
special purpose computer to obtain a signature. This signature is then 
used as a standard of comparison for detecting deterioration in the bridge 
structure. For such a method to be practical, the variations in the signa- 
ture due to changes in environmental conditions must be much smaller than 
those due to cracks and structural degradation. In order to see if 
"Randomdec" analysis could fulfill this requirement, two parallel test 
programs were conducted; a field s^udy to test the effects of environmental 
changes on signatures, and a laboratory study to test the sensitivity of 
signatures to fatigue cracks. 

In the present report a short section on the concept of Randomdec 
analysis is given first, followed by a section on the field tests, a 
section on the laboratory tests, and finally, conclusions and recommenda- 
tions. Details of analysis and instrumentation are given in appendices. 

SIGNATURE CONCEPTS 

It is well known that the ambient fo: es applied to a bridge are 
statistical in nature and that the resulting vibrations are random. 

Examples of the randomness (i.e., arrival times of traffic, roadway rough- 
ness and vehicle noise) are given in references 1, 2, and 3. If the 
vibration of a point on a bridge is measured with an accelerometer, a 
curve such as shown in figure 1(a) is obtained. This curve is random, 
which infers that, no matter how many times the measurement is repeated, 
the same curve will not be obtained again. Hence, it cannot be used as a 
"signature" for detecting changes in the bridge. 

The problem of making sense out of random signals has been explored 
to great depth in communications theory, and as explained in references 4 
and 5, random time histories such as figure 1(a) may be transformed into a 
meaningful signature by plotting the absolute squared amplitudes of the 
sinusoidal components versus frequency. This signature, called power 
spectral density, as shown on figure 1(b) has peaks which correspond to 
the natural frequencies of the structural modes and bandwidths which are 
related to the structural damping. This technique has been applied to 
suspension bridges in reference 6 to obtain natural frequencies and damping 
of the lower structural modes. Small flaws have little or no effect on 
the lower structure’ modes, and hence, this information is not of much use 
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for failure detection. If the power spectral density is extended into 
acoustical frequency ranges, where flaw effects would be expected, the 
peaks become very close together and many spurious peaks appear so that 
detection of any change due to a flaw becomes extremely difficult. 

Another signature which can be extracted from the random data is 
called Randomdec (fig. 1(c)) and was developed in wind-tunnel tests of 
dynamic models for on-line measurement of damping in a random turbulent 
airflow. As described in reference 7, this signature was found to be 
quite repeatable in the acoustic frequency range as well as very sensitive 
to flaws. It was observed that flaws caused large changes in the shape of 
the signatures in the acoustic frequency range as shown in figure 1(c). 

The signature is obtained by bandpass filtering the time history and then 
averaging all time segments which start at a given constant initial value, 
Ys (° r Ys if the history is acceleration) . This gives a signature 

which has the same dimensions as the original time history and which can 
be interpreted as the free vibration curve of the structure with an initial 
value, y s (or y g ) , at the measurement point. Details of analysis are 
given in Appendix A. 

Of course, there are many other possible signatures which could be 
extracted from random data. For the present purpose, detection of a flaw 
in a structure, the Randomdec signature appears to have the properties 
needed. 


MEASUREMENT OF SIGNATURES 

In this section measurements taken in field tests and the laboratory 
are described. The general procedure followed is shown on figure 2. 
Excitation in the field test was provided by the normal traffic flow, wind 
and ambient noise. In the laboratory, random excitation was simulated by 
an electrodynamic shaker. As shown in figure 2, data handling was the 
same in both cases. The outputs from accelerometers were recorded on 
magnetic tape and then were analyzed either on a standard digital computer 
using software or on a special purpose computer. Discussions of the two 
methods is given in Appendix A. 
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Field Test 


A typical highway girder bridge was instrumented in the field to 
determine if the magnitude and frequency of the vibrations were sufficient 
for analysis and to determine if standard signatures were subject to change 
due to effects other than cracking, such as environmental variations. With 
permission of the California State Division of Highways, one girder of a 
5-span bridge located at the intersection of Highway 85 and 101, see fig- 
ure 3, was instrumented with accelerometers and monitored periodically for 
a year. Figure 4 shows the span selected. One interior girder of the four 
comprising the span as well as a diaphragm was instrumented as shown in 
figure 4 and described in Table I. The span of the welded girder is 17 
meters and its depth 2.28 meters. It is of noncomposite design and 
fabricated of A36 steel. 

The accelerometers were attached to the girder by first gluing a 
cementing stud to the girder and then screwing the accelerometer onto the 
stud. The studs were left in place throughout the contract and the rest 
of the field equipment was removed after each test. Each transducer 
measured acceleration normal to its mounting surface. Details of the 
field instrumentation are given in Appendix B. 

Records were obtained about once a month with a total of eleven tests 
being conducted. Table II gives a summary of the individual test conditions. 
Record lengths were determined by counting 100 vehicles. This gave 4 to 
10 minutes of record which was sufficient for analysis. The average vehicle 
speed was 50 mph and about 5 percent of the traffic was trucks. 

Time histories .- Some 20 millisecond samples of typical data are shown 
on figure 5. The random nature of the data created by traffic inputs is 
apparent. These data differ from the laboratory data in that the vibrations 
occur in bursts followed by quiet periods as compared to the more stationary 
level of the laboratory outputs. Because of this, the field data presents 
a more difficult problem in recording and analysis. With heavy trucks the 
accelerometer peak output voltage was as high as 6 volts and in quiet 
periods peak voltages were typically as low as 5 millivolts giving a 
dynamic range exceeding 60 decibels. Since the magnetic tape recording 
saturates at 1.4 volts, data were also recorded on a channel attenuated by 
a factor of 10. Several factors may contribute to the extreme nonstationary 
behavior of these data. First, the traffic is one way and often of low 
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density so that the direction and frequency of inputs is limited. Second, 
the bridge has simple spans and primary inputs only occur when vehicles 
are on the span being measured. It might be expected that data on bridges 
with more sources of inputs (i.e., two-way traffic, continuous spans, wind 
excitation, etc.) would be of a more constant level. 

Frequency content .- Typical power spectral den«ities of the field data 
are shown on figure 6. The level of signal at web locations such as 
Station 6 was generally about 7 db higher than the level at flange locations 
such as Station 8. The multiple peaks mentioned in the section on "Signa- 
ture Concepts" are apparent. Before taking Randomdec signatures it is 
useful to examine the spectra to decide on the frequency range to be filt- 
ered for Randomdec signatures. Generally, filter settings are selected to 
remove the frequency ranges in which the flaw is expected to have little 
effect, in the present test, the low frequency modes were removed by a 
high-pass filter set at 1 KHz and high frequency instrumentation noise was 
removed by a low-pass filter set at 10 KHz which was the upper limit of 
the FM tape recording. More details on filtering are given in Appendix A. 

Randomdec signatures .- The signatures taken throughout the year are 
shown on figure 7 for each station, and all the environmental conditions 
are given in Table II. Examination of the signatures shows that each 
station has a characteristic form which is easily recognized. All signa- 
tures have the same time scale (horizontal axis) and the length of each 
signature is 0.01 second. Repeatability of the signatures appears quire 
good and the variations over the year are sufficiently sir.?!! to allow 
detection of flaws. A possible exception is Station 2, (fig. 7(b)), which 
was located on the flange which bears on the concrete deck. The signal 
obtained from this station was lower than the others and as may be seen, 
the signature was much less oscillatory. The lack of oscillations in the 
signature may be a result of the damping of the flange by the concrete 
deck. The variability over the year may be due to variations in the 
friction between deck and flange or cracks opening in the deck. 

The only significant difference in signatures which occurred was in 
Test No. 6 which was taken during the heavy commute traffic in the morning. 
Some of the data were taken with the traffic bumper to bumper and the 
signatures obtained from these are marked with an asterisk. For this 
condition the signal levels were much lower than usual and amplification 
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during analysis had to be increased by a factor of 10, to reach the y s 
level of the Randomdec. This raised the noise level which resulted in 
some noisy signatures, particularly Station 7, figure 7(g). These problems 
could probably be overcome by using amplifiers with lower noise levels or 
by averaging the signatures over a longer period of time, but it would be 
sounder practice to reject the signature if the excitation level were not 
high enough to give the same initial value of y s . By holding y s constant 
for all signatures, changes in the signature due to amplitude are avoided. 

No effect on an} signature is apparent from changes in temperature or 
for a wet versus dry concrete deck. However, more severe climate variations 
should be studied. Also, a 4.5 magnitude earthquake on the San Andreas 
Fault occurred in November with no apparent effect. The mounting stud at 
Station 2 came loose at the beginning of the January test. The accelerom- 
eter was hand held for that test and the stud was then reglued. This 
signature is marked by a double asterisk. 

Fairbank Laboratory Test 

The purpose of the laboratory test was to determine the sensitivity 
of Randomdec signatures to fatigue cracks. To accomplish this. Dr. Karl 
Frank at the Federal H: ghway Administration Fairbank Research Station near 
Washington, D. C. tested two 10-foot simply supported (12WF40) beams. Each 
beam was cyclically loaded as shown on figure 8 to produce fatigue cracks 
(see ref. 8) . At various stages before and during crack formation, acce- 
lerometer records were taken and sent for analysis as was shown on fig- 
ure 2. On Beam No. 1, a crack was started by a sawcut in the flange near 
the accelerometer in order to find out effects of crack length on detection. 
Beam No. 2 differed from Beam No. 1 in that it had welded coverplates and 
cracks were not started, but were allowed to develop naturally. The crack 
growth was documented, but was not revealed until after the Randomdec 
analysis was complete in order to test the ability of the method to detect 
an unknown crack from the random data. Results and discussion of the two 
beam tests follows. 

Beam No. 1 .- Figure 9 shows the beam configuration, location of acce- 
lerometers, the sawcut which started the crack, and two shaker locations. 

All tests were run with the shaker at the centerline on the coverplate and 
at the image in order to excite symmetrical as well as antisymmetrical 
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modes. This was done to insure that the . >.ack rec ; >n would be excited by 
one location or the other. Even with random vibrations, it has been shown, 
see reference 9, that a single point excitation of a plate produces regions 
of low excitation in patterns similar to Chladni's patterns for sinusoidal 
vibration. Of course, on a real bridge the inputs occur at many different 
points so a crack zone would almost certainly be excited. 

Excitation of the stations with the shaker at the image and centerline 
were checked by calculating power spectral densities as shown on figures 10 
and 11. The image point provided response distributed over a somewhat wider 
bandwidth than the centerline point. Spectra for response at Stations 3 
and 4 are shown on figures 12 and 13 and it may he seen that response up 
to 12 KHz was provided at all stations. It may be noted that the spectra 
in the laboratory test differ in appearance from those shown for the field 
test. The reason for this is that the field data have a much higher content 
at low frequencies them the laboratory data and a logarithmic scale (deci- 
bels) had to be used to cover the dynamic range. The laboratory data on 
figures 10 to 13 are plotted on linear scales to show the structural mode 
peaks more clearly. For comparison purposes it may be noted that on fig- 
ure 10 the peak to valley range of the highest peak is about 10 db which is 
comparable to the highest peaks to valley ranges on figure 6. Since the 
low frequency content is filtered out when signatures are obtained, it was 
felt that the laboratory excitation was a reasonable approximation to field 
excitation. 


Crack detection on Beam No. 1 .- Signatures of the random data for the 
following conditions of the beam were taken. 


Test No. 


Fatigue Cycles 


Crack Length 
(Including Sawcut) 


1 

2 

3 

4 

5 

6 


0 

0 

669,420 

777.000 

837.000 

881.000 


No Crack 
0.54 cm 
1.35 cm 
2.41 cm 
3.91 cm 

10.0 cm (1/2 of 
flange width) 


1 ^ show the effect of the crack only, Test No. 2 with the sawcut was 
selected for a standard. On figure 14, results from tests Nos. 3, 4, and 6 
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are shown superimposed on the standard. The filter used in this case was 
10,250 to 15,000 Hz which only looked at the very highest frequencies 
contained in the syectra. The length of the signatures for Beam No. 1 
is 0.00125 second. To judge these results, it should be remembered that 
the standard obtained from Test No. 2 could be almost exactly repeated, 
even though different time intervals we _ a used (see Appendix A) . It may 
be seen that the 1.35 cm crack caused an easily measurable change in the 
signature at this station, and that the 10 cm crack caused a very large 
change. The 2.4 cm crack, on the other hand, although larger than the 
1.35 cm crack, showed much less change in the signature. These results 
seem to indicate that the sensitivity of the signature to a crack depends 
on more than the crack length. 

In discussion with Dr. Karl Frank on these results, it turned out that 
for the 2.41 crack, the crack had apparently closed up, due to local stress 
changes when the beam was unloaded for the random test. Although these 
observations are based on a limited sample, it may be tentatively stated 
that the state of stress at the crack is a factor in he sensitivity of 
the signature. The fact that the 10 cm signatur played such a large 
change is not necessarily significant because t v e accelerometer was mounted 
so close to the crack. 

Signatures obtained with a v’.der filter bandwidth for all of the 
stations are shown on figures 15, 16, 17, and 18. A clip gage (an 8 gram 
transducer to measure crack length) added to the beam produced a change in 
the signature so the clip gage plus sawcut should be used as a standard of 
comparison. Comparison of this standard with the cracked conditions shows 
rather small changes in all cases except the 10.0 cm crack which shows 
large changes for all stations. Stations 3 and 4, which were across the 
crack from the shaker, show more change than Stations 1 and 2 for the 1.35 
to 3.9 cm cracks. As mentioned above, there were indications that the 
2.41 and 3.91 cm cracks closed up when the fatigue load was removed. A 
closed crack with compressive stress across it would probably only effect 
a signature if there was a slippage in shear on the crack surface. Instead 
of pursuing these effects further, testing of Beam No. 2, a more realistic 
test, was begun. 

Beam No. 2 .- As shown on figure 19, Beam No. 2 differed from Beam 
No. 1 in that it had welded coverplates. The test procedure was the same 
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except that the cracks were allowed to develop naturally from the cyclic 
loading. For the random excitation, three loading locations, , B, and C, 
were -elected to give adequate excitation to the crack regions which were 
expected to near the welds. Stations 1 through 6 were selected for 
accelerometer measurements to provide both near and far measurements. As 
mentioned previously, the knowledge of the time, size, and location of 
cracks was kept separate from the analysis to provide an unbiased test of 
the method. Of course, the location of the cracks wa3 expected to occur 
at the toe of the welds. 

Crack detection on Beam No. 2 . - Standards were first established for 
all accelerometer locations and shaker inputs using a filter bandwidtl 
setting of 8,000 to 15,000 Hz with only 2,000 load cycles on the beam and 
no cracks. The length of the signatures shown for Beam No. 2 is 0.00125 
second. Comparisons of the standards with signatures taken after 300,000 
load cycles are shown on figure 20, for Station 2 near the weld and on 
figure 21 for Station 6 away from the weld. The large change in signature-, 
ip apparent. The decision to predict a crack from a signature change is 
much more difficult when the crack history is unknown, and especially, a3 
in this case, when a crack was not expected at 300,000 cycles. Before 
predicting a crack from the results on figures 20 and 21, the standard was 
repeated to make sure that a change had not occu -red in the electronics. 
When this checked out, it was concluded that a crack ’ad developed in the 
beam. As will be seen below, for this condition, it vu.ned out that there 
was a 1.9 cm crack at the toe of the welds near Station 4, and 0.5 cm 
cracks near Stations 1 and 2. 

Crack history of Beam No. 2 .- Although most of the analysis and 
predictions given below were completed without knowledoe of the crack 
history, definition or the cracks at the various stages of fatigue loading 
are given here so that comparison of signature changes and crack changes 
can be made. Crack sizes are as shown on the following page. Impressions 
taken after Test No. 5 are 3hown on figure 22. 
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TEST 

FATIGUE 

CYCLES 

STATION 
NO. 1* 

CRACK SIZE, 
STATION 
NO. 2 

CENTIMETERS 
STATION 
NO. 3 

STATION 
NO. 4 

1 

2,000 

None 

None 

None 

None 

2 

300,000 

0.5 

None 

0.5 

1.90 

3 

400,000 

0.8 

0.3 

0.8 

2.2 (thru 

4 

433,000 

1.5 

0.6 

1.9 

flange) 

6.6 

5 

442,000 

2.1 

1. 57 

2.5 

11.4 


Signatures were obtained for each station, each shaker location and 
each test for a total of 120 signatures. For documentation purposes, these 
are shown in figures 23 through 49 where each figure shows one station, one 
shaker location and all five tests. It is difficult to see variations in 
signatures so examples of pairs of successive tests superposed are shown 
in figures 47 through 49 for Stations 1, 4, and 6 with the shaker at A. 

Of Stations 1 to 4, which are close to the cracks. Station 1 showed the 
least change and Station 4 showed the most change. Station 6 is an example 
of a station some distance from the cracks. 

Signature differences .- In order to numerically evaluate the difference 
between signatures, the differences between peaks and valleys of superposed 
signatures were measured and summed to give a numerical value. This method, 
was used to develop Table III. Although this procedure seemed satisfactory 
for the present illustrative purposes, it remains to develop a reliable 
method for numerically evaluating differences between signatures. Another 
way to compare them would be to compare the standard to each succeeding 
test. Comparison of successive pairs of tests was used here because the 
influence of incremental changes in crack lengths was of interest. The 
histogram in figure 50 shows the distribution of difference factors for 
the three shaker locations. Although differences can depend on shaker 
location, there is no significant trend apparent between the locations. 

Before the crack history was known, the signatures were studied to 
see what could be predicted about the cracks. The following preliminary 
observations were stated. 

*The location refers to fillet weld toe adjacent to accelerometer with 
corresponding number. The size refers to length on outside flange 
surface along weld toe. 
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1. The change in signatures depends on the shaker location. This 
emphasizes the advantage of using ambient excitation which is supplied 
through many points. 

2. Shaker location A produced slightly more change although the 
difference (about 10 percent) between A, B, and C is probably not 
statistically significant. 

3. The comparisons that showed the largest changes, considering all 
the stations, were the standard to 300,000 and 400,000 to 433,000 cycle 
comparisons. The 300,000 to 400,000 cycle comparison showed the smallest 
change . 

4. The station showing the largest change, considering all compari- 
sons, was Station 4 and the largest single change occurred at Station 4, 
shaker location A, comparison 400,000 to 433,000 cycles. Among the four 
stations close to the coverplate (Sta. 1 to Sta. 4) , Station 1 showed the 
least change. 

5. All stations show changes which indicates that flaws can be 
detected at least a meter away. 

When the crack history became available, considerable study was done 
and the resulting conclusions were: 

1. It is difficult to say which step represented the largest change 
but certainly the least change occurred during the 300,000 to 400,000 cycle 
period. Each crack grew about 0.25 cm and this produced changes at all 
stations although some of the changes were quite small. For this configu- 
ration, therefore, a crack at least 0.25 cm in length can be detected. 

2. Station 2 had the smallest final crack with Station 1 next. It 
is surprising that a large difference was registered at Station 2 at 300 K 
without a crack nearby. Station 4 had the largest crack which was apparent 
from the signatures. However, except for possibly an accelerometer very 
close to a crack, no correlation could be found which would indicate the 
location or size of cracks. Clearly, this is an area in which important 
work can be done. 

3. Signature changes were registered at all stations indicating that 
cracks could be detected at any location within distance of a meter. The 
variation of signature change with distance was not sufficient to estimate 
the maximum distance versus flaw size relationship. 
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4. Cracks induce changes in signatures over a wide frequency band- 
width and at generally lower frequencies than first suspected. 

In order to explain the above statements, the mechanism by which 
cracks influence signatures must be understood. Originally, the hypothesis 
was that a crack introduced new degrees of freedom and produced a local 
resonance that would decrease in frequency as the flaw grew in size. How- 
ever, the frequency of such a resonance for a crack of, say, 0.25 cm in 
length would be much higher than 15 KHz and would not be detectable with 
the record being low-pass filtered. In order to explain the sensitivity 
of the method, an additional mechanism must be present. The fact that 
cracks are detected 100 or more crack lengths away suggest that traveling 
waves are emitted from the crack in a repeatable sequence following the 
time the bias level, y s , occurs. One hypothesis is that opening and 
closing or rubbing in shear of the crack surface emits signals that are 
related in phase and frequency to the vibration of the crack region. These 
signals (acoustic waves) are transmitted with low dissipation throughout 
the beam and, therefore, are detectable over a widespread area. 

Once the actual mechanism, be it the above hypothesis or another, is 
understood; perhaps the changes in signatures can be deciphered to give 
information on locating cracks and determining their size. 

CONCLUSIONS 

This study has yielded positive results and considerably advanced the 
level of understanding and confidence of Randomdec analysis. The main 
conclusions are the following. 

1. Changes in crack length as small as 0.3 cm in a coverplated girder 
can be detected at distances of at least a meter at frequencies less than 
15 KHz. 

2. The frequency content of the response of bridges to wind and 
traffic, as measured on a typical girder bridge, appears to be sufficient 
for crack detection. 

3. The signatures of the girder bridge with normal traffic remained 
stable with no significant changes over a period of a year. Temperature 
and weather conditions at the time records were obtained varied from 40°F 
to 80°F and rainy to clear weather. 
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4, The main purpose of this study, to demonstrate the feasibility of 
Randomdec analysis, was accomplished. However, the application of Randomdec 
as an economical, practical flaw detection method remains to be demonstrated. 
£ variety of bridge structures with actual and simulated flaws, must be 
studied to determine the sensitivity of the method; analytical and experi- 
mental work have to be done to understand the mechanism of crack detection; 
and procedural guidelines and costs have to be established for potential 
users. 
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APPENDIX A 


ANALYSIS PROCEDURE 

The basic idea of Randorodec analysis is straightforward. The time 
history is divided into short equal length segments, each of which begins 
at the same amplitude y s and an alternating positive or negative initial 
slope as shown in figure 51. These segments are averaged to give the 
signature which is a plot of the measured dependent variable (i.e., accele- 
ration, velocity or displacement) as a function of time. The length in 
time of the signature is the same as the segment length. The signatures 
for two extreme types of data are useful to know for reference purposes. 

If the record is white noise, the signature is zero except for the initial 
spike of amplitude y s . If the response of a damped, single-degree-of- 
freedom system to white noise is analyzed, the signature is a damped cosine 
wave which is the free vibration decay curve of the oscillator subjected to 
an initial displacement y s . 

Af was indicated on figure 2, the analysis was implemented on a 
general purpose digital computer and on an on-line Randomdec computer. 

Both methods have advantages and disadvantages. The software approach 
requires digitization of the data. Once this is done, the process is 
digital so accuracy and repeatability of calculations is assured. Also, 
the data is available for other types of analysis. The accuracy of the 
digitization process is limited, however, by practical limitations such 
as computer storage, amplitude quantization, and digitization rates. The 
sample rate available for this work was 1,000 points per second. The 
laboratory tests were recorded on a standard FM analog instrumentation 
tape recorder at 60 ips and could be played back at 1-7/8 ips so the 
maximum effective sample rate was 32,000 points per second. A frequency 
of 16 KHz, therefore, is the upper limit that could be distinguished, but 
time histories at or near this frequency are poorly represented digitally 
since only 2 points per cycle exist. Frequencies in the range of 10 to 
15 KHz were of interest in the laboratory study so significant errors were 
possible. If signatures are desired for a wide range in frequency, one 
may have to digitize several times. Low frequencies require a long record 
length but can tolerate a low digitizing rate whereas high frequencies 
need only a short record but a high digitizing rate. The only compatible 
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combination is a long record digitized at a high rate which may be more 
costly them separate digitized records. In cases where the excitation is 
somewhat intermittent, say, light traffic on a bridge, it is usually 
convenient to digitize the entire record rather than separating out the 
low amplitude portions occurring when no traffic is present. This results 
in digitizing a large amount of data that is not analyzed since Randomdec 
analysis uses only that data which occurs above a certain amplitude (y s ) . 

The "ON-LINE RANDOMDEC COMPUTER" is a hybrid computer which performs 
the filtering and segment selection on the analog signal, then converts 
the analog signal to digital form for averaging. The input is the analog 
tape containing the time history. This process avoids digitizing errors 
but is susceptible to variations in analog equipment. When monitoring a 
structure over a long period of time, equipment calibrations should be 
checked periodically to ensure repeatability. A comprehensive way of 
checking the calibration of the system is to have a standard tape and the 
corresponding signatures for different filter settings. Periodically, 
this tape can be re-analyzed and the signatures compared. The advantage 
of the on-line system is the ease of operation. With no input to prepare, 
no turnaround time and visual display, many runs and comparisons can be 
made quickly. In the Ames system, two signatures could be displayed and 
superposed for convenient comparisons. 

Regardless of which computer system is used, several parameter choices 
have to be made. The time history is usually filtered is isolate certain 
frequency ranges. Fc.' instance, as may be seen on figure 52 which shows 
the signature of an unfiltered signal from field tests, the large amplitude 
low frequency components are superposed on the high frequency components 
which contain the flaw information. Thus, if a small flaw is to be detec- 
ted, a high-pass filter should be used to filter out the large amplitude 
low frequencies which cam mask the effects of small flaws and a low-pass 
filter should be used to eliminate high frequency noise. The filter band- 
width should encompass one or more peaks of the response spectrum. If 
the response spectrum is flat in the filtered range, the signature resem- 
bles that of white noise for wide bandwidths but appears more meaningful 
as the bandwidth narrows. However, this damped sinusoidal appearance is 
due only to the filter characteristics. An example of this is shown in 
figure 53 where white noise is band-pass filtered with the given bandwidth. 
As the bandwidth narrows, as a percent of center frequency, the distortion 
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becomes more severe. When the filter bandwidth is twice the center 
frequency (1 to 4 KHz) , the filter induces a half cycle of significant 
distortion. However, when the bandwidth is about 25 percent of the center 
frequency, the filter induces three cycles of distortion. Even if the 
response is peaked within a narrow filter bandwidth, the signature will be 
distorted by the filter. Choosing proper filter bandwidth to minimize 
distortion but maximize certain signature characteristics is a problem 
that deserves more study. 

Another parameter to be chosen is the initial amplitude, y s , (bias 
level) of the signature. There are practical reasons for not choosing 
either very low or very high values. The signal-to-noise ratio decreases 
as the amplitude of vibration decreases so a low bias level can produce 
distorted signatures. On the other hand, very high values require much 
more data since few large amplitude peaks occur. Unless amplitude-depen- 
dent properties are specifically being studied, a bias level near the rms 
of the time history is preferable. The variation of signatures with bias 
level was investigated and examples from Beam No. 2 are given. Figure 54 
shows signatures for bias levels of 0.1, 0.3, and 0.4 volts with the rms 
of the time history about 0.2 volts. The shape of the signatures remains 
the same with small variations in amplitudes when they are scaled to the 
same level. This shows that the structure is relatively free from ampli- 
tude-dependent nonlinearities and significant variations in bias level can 
be tolerated. 

The length of the signature is optional also. Changes in a signature 
due to a flaw may first occur after several cycles in the signature. A' o, 
noise distortion of signatures is often confined to the beginning of a 
signature so the length should be several cycles. As shown later, signa- 
ture length was usually about 10 cycles of the predominant frequency in 
the bandwidth being considered. 

The length of record is also chosen. For the work on the special- 
purpose computer, 4,096 samples were used to ensure that repeatable signa- 
tures would be obtained. Figure 55 shows a superposition of four signatures. 
Each of the four signatures in the upper one has 512 samples and each in 
the lower has 4,096. A considerable difference in repeatability is seen. 
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INSTRUMENTATION 

The data acquisition systems were designed to be usable over a fre- 
quency range of 0 to 20 KHz. This does not mean that the frequency response 
of the measurements was flat over this range, but that frequency content 
could be examined over this range realizing that there would be some rise 
in response of the accelerometers as they approached their resonant peaks. 

In both the field test and the laboratory test the excitation near the 
resonant frequencies of the accelerometers was low enough so that ringing 
of the accelerometers was avoided. The upper frequency range of 20 KHz 
was selected as the upper range which might be expected for ambient excita- 
tion in the field. Of course, the technique could be extended to higher 
frequencies if artificial excitation were provided, but this was outside 
the scope of the present study. 

Field Equipment and Procedure 

The field equipment was designed to be portable and to provide six 
hours of operation without recharging batteries. Since the vibration levels 
on the bridge were unknown, a measurement system was selected with a wide 
range of sensitivity. As shown on figure 56, the sensitivity ranged from 
0.06 to 6 volts per g. Also, an amplifier *’ith two outputs which differed 
by a gain of 10 was selected to increase the dynamic range of the measure- 
ments. This proved to be quite practical because it eliminated the need 
to make gain changes in the field. Low vibration level stations such as 
upper and lower flanges needed the full gain of the high gain channel to 
obtain acceptable recording levels whereas the high vibration level sta- 
tions such as webs needed the low gain channel to prevent saturation of 
the tape. 

Resonant frequency of the mounted accelerometers was approximately 
29 KHz. The flat frequency range for + 5 percent deviation in frequency 
response is 2 Hz to 5 KHz. Most of the data were taken with tape recorder 
FM amplifiers at unity gain and a speed of 30 ips which gave a recording 
bandwidth of 0 to 10 KHz. However, some recordings were made using direct 
record amplifiers which had a bandwidth of 100 Hz to 75 KHz so that a 
check could be made of frequency content in the range 10 to 20 KHz. 
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Field operation was quite simple. Voltage to the tape recorder was 
monitored by a voltmetar and was kept close to 28 V by adjusting a variable 
resistor. Before recording, outputs of the amplifiers were checked with 
an A.C. voltmeter and with a portable oscilloscope (when available) . For 
some tapes a time code was prerecorded on the tape. In addition, in order 
to distinguish an end of record, a space was recorded with amplifiers off 
after each run. 


Fairbank Laboratory Equipment 

The laboratory equipment shown in figure 57 was designed to provide 
random excitation to the beam as well as to measure the response with 
accelerometers. Strain gage measurements, although not shown on the fig- 
ure, were also taken but were not completely analyzed because of signal- 
to-noise ratio problems. Sin .e a strain gage measures a strain, its 
signal drops off with increase in frequency whereas the signal of an 
accelerometer increases (for white noise input) . A limited test was made 
using a low noise amplifier with the strain gages which indicated that 
this might be a feasible technique, but not with the equipment available 
for this test. 

Resonant frequency of the mounted accelerometers was 35 KHz. The 
flat frequency range for + 5 percent deviation was 2 Hz to 5 KHz. Although 
the accelerometers were used above this frequency range, repeatability of 
signatures by changing accelerometers of the same make and model was 
checked and was found to be good. All of the laboratory data were recorded 
on FM at 60 ips to provide a full 0 to 20 KHz bandwidth. 

In the laboratory operation, the power amplifier to the shaker was 
turned up until levels suitable for recording were reached. Since recording 
level requirements are the same in either field or laboratory, the sensi- 
tivity of the accelerometers may be used to judge the relative levels of 
excitation. As may be seen on figures 56 and 57, the laboratory level of 
7 mv/g was consideretoly lower than the 600 mv/g used in the field tests. 
Thus, the excitation level in the field was much lower than those used in 
the laboratory, a difference which could not be avoided since the labora- 
tory tests preceeded the field tests. 

An Irig-B time code signal was put on the tape to identify the various 

runs. 
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AUXILIARY OBSERVATIONS 

A number of observations were made during the tests which do not have 
a direct bearing on the original purpose, but which are important foundation 
material for future work. The purpose of this appendix is to point out 
some results in these auxiliary areas. 

Signatures of Similar Structures 

Prom the main body of the report, it appears that once a standard is 
established, changes in the structure (i.e., crack growth) can be detected. 
The question arises, what do we do if we have an old structure for which 
we have no standards and would like to determine its soundness at once? 

One possibility for doing this is that, if a number of elements in a 
structure are the same (i.e., similar eyebars) , we may be able to isolate 
a defective member by looking at the ensemble of signatures for like 
structures. A comparison of interest in this regard is shown on figure 58, 
which compares signatures taken at locations of symmetry on the beam Sta- 
tions 1-4 and on figure 59, Stations 5-8. If the beam including welds were 
perfectly symmetrical, then these signatures should be exactly the same 
for the shaker excitation at the centerline. Comparison of signatures at 
Stations 1 to 4 is interesting in that standard signatures for Stations 1 
and 3 are very similar whereas the signatures for Stations 2 and 4 are 
quite different. This is quite remarkable when one considers that the 
crack histories of Stations 1 and 3 turned out to be very similar in both 
crack initiation and growth whereas the crack histories of Stations 2 and 4 
were quite different. This would indicate that there was something quite 
different in the welds at Stations 2 and 4 and opens up the possibility 
of judging welds with standard signatures. Of course, this is based on 
one observation and much more experimentation would be needed to establish 
interpretations of the signatures. It is interesting to note that the 
signatures more distant from the welds Stations 5-8 are quite similar and 
only show minor variations. 
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Effects of Added Masses 

The sensitivity of signatures due to changes such as cracks has been 
shown in the laboratory tests and the question of sensitivity to changes 
in a real bridge under natural excitation is of interest. Although it was 
not feasible to start a crack in the field bridge, some simple experiments 
were conducted to test the sensitivity of signatures. Since it was noted 
on Beam No. 1 that addition of the clip gages caused changes in signatures, 
it was thought that the effect of adding a small C clamp on the bridge 
structure would be of interest. A 7-1/2 cm C clamp was clamped about 30 cm 
distance from Station 5 and the results are shown on figure 60. The change 
in the signature is apparent. Of course, effects of actual cracks on 
signatures in the field is needed but is beyond scope of the present work. 

Hand Held Accelerometers 

The difficulty of attaching accelerometers at the stations on the 
mounting studs and then connecting the electrical lead is a procedure 
which should be simplified. One possibility would be to attach the 
accelerometer by some sort of clamp or magnet or by a manually depressed 
spring. Some preliminary tests of this concept were made by holding 
accelerometers firmly on the stations by hand pressure. Reasonably 
comparable signatures were obtained so some similar technique appears to 
be feasible to speed up testing. 
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Table 1.- Field test transducer locations 
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Table II.- Field test log 
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(a) Typical measured time history. 
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(b) Power spectral density. 



Figure 1.- Signature concepts. 
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Figure 5.- Typical samples of data from 
accelerometer outputs at Station 7; 
Filter 1-10 KHz. 
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Test No. 5 Test No. 10 

(b) Signatures at Station 2. 


Figure 7.- Continued. 
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Test NO. 5 


Test No. 10 


(e) Signatures at Station 5. 


Figure 7.- Continued. 
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Test No. 10 


(f) Signatures at Station 6. 


Figure 7.- Continued. 
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Test No. 10 


(g} Signatures at Station 7. 
Figure 7.- Continued. 
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Test No* 


Oi) Signatures at Station S. 


Figure 7 Concluded* 
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Figure 8.- Laboratory test 
configuration . 
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Figure 10,- Effect of shaker location an power 
spectral density at Station 1, 



spectral density at Station 






Figure 12.- Power spectral density of Station 





Figure 13.- Power spectral density of Station 






Sawcut and 1.35 cm Crack 



Sawcut and 2.41 cm Crack 



Sawcut and 10.0 cm Crack 


Figure 14.- Comparison of signatures 
of several cracks with standard at 
Station 3; Filter 10,250-15,000 Hz. 
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Figure 15.- Beam No. 1 at Station 1; Filter 8-15 KHz. 
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Figure 16.- Beam No. 1 







10.0 cm Crack 


Figure 17.- Beam No. 1 at Station 3; Filter 8-15 KHz. 
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Sawcut and Clip Gage 


Figure 18. ~ Beam No. 1 at Station 4; Fi 
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Figure 20.- Comparison of; signatures at: Station 
Shaker at A; Filter 8 K-15 KHfi 




Ficmre 21,- Comparison of signatures at Station 
Sttaker at Aj Filter 8 K— 15 KHz* 





442,000 cycles 


Figure 23.- Signature of Beam No. 2 
at Station 1, Shaker at ft. 
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442,000 cycles 


Figure 24, - Signature of Beam Ho, 2 
at Station 2, Shaker at A. 
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442,000 cycles 


Figure 25.- Signature of Beam No. 2 
at Station 3, Shaker at A. 
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Figure 26.- Signature of Beam No. 2 
at Station 4, Shaker at M. 
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Figure 27.- Signature of Beam No. 2 
at Station 5, Shaker at A. 
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Figure 28.- Signature of Beam No. 
at Station 6, Shaker at A. 
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Figure 30.- Signature of Beam No, 2 
at Station 8, Shaker at A. 
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Figure 31.- Signature of Beam No. 2 
at Station 1, Shaker at B. 
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Figure 33.- Signature of Beam a. 2 
at. .Station.. 3, ...Shaker at B. 
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17. ~ Signature of Beam No, 
Station 7, Shaker at B. 




Figure 38 .- Signature of Beam No. 2 
at Station 8, Shaker at B. 
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Figure 41. - Signature of Beam No, 2 
at Station 3, Shaker at C. 
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Figure 42.- Signature of Beam No. 2 
at Station 4, Shaker at C. 
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Figure 43*- Signature of Beam No. 
at Station 5* Shaker at C * 








Figure 46.- Signature of Beam No 
at Station 8, Shaker at C. 
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Figure 50.- Distribution of difference factors 
for three shaker locations. 







Figure 51.- Evolution of Randomdec signature 
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Figure 52.- Unfiltered signature. 
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Figure. 53.- Signatures filtered broadband noise 
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Bias Level = 0,1 



Bias Level ~ 0.3 



Bias Level * 0.4 

Figure 54.- Signatures at Station 1 for 
different bias levels. 
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Figure 56.- Field equipment 
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Figure 59.- Standard signatures taken at symmetrical 
locations on Beam No. 2, Shaker at B. 






